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Abstract— Scilab and Scicosare open-souce and free soft-
ware packagesfor design, simulation and realization of in-
dustrial processcontrol systems.They can be used as the
center of an integrated platform for the complete development
process,including running controller with real plant (Scicos-
HIL: Hardware In the Loop) and automatic codegenerationfor
real time embeddedplatforms (Linux, RTAI/RTAI-Lab, RTAI-
XML/J-R TAI-Lab). Thesetools are mature, working alterna-
tives to closed source, proprietary solutions for educational,
academic, reseach and industrial applications. We present,
using a working example,a complete development chain, from
the designtools to the automatic codegeneration of stand alone
embeddedcontrol and user interface program.

Keywords: Real time control; dynamical systemssimu-
lation; simulationsoftware; hybrid systems;Scilab; Scicos;
RTAI; Comed.i.

I. INTRODUCTION

We shaw, using a real example,a completedevelopment
chainthat allow to:

constructa mathematicamodel of the plant;
validatethe model of the plant throughsimulationand
open-loopmeasurements;

designa suitablecontroller;

simulatethe full systemandoptimizecontrollerparam-
eters;

run the controller inside the standardsimulator while
connectedto the real plant in "soft real-time” mode
(SCICOS-HIL: ScicosHardware In the Loop);

use an automaticcode generatorto createstand-alone
controllerprogramthat could run standalonein "hard-
real-time” mode(Linux-RTAlI CodeGenerator;
implementgraphicsuserinterfaces(RTAI-Lab, J-RTAI-
Lab) to remotely interact with the controller using
network connections.

We provide all the referencesto the documentation,
available thought Internet, that describeall the details of
installation, con guration and utilization of the software
packagesnvolved. Our aimis just to shav whatis possible
to realize within a very limited budget: we try to limit
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the cost of the parts using standardJow cost devices and
stimulate development of solutions that use imagination
insteadof monegy. Justas an example, the cost of all the
software usedis zero.

Il. SOFTWARE PACKAGES OVERVIEW

One - if not the most important - critical issue for
the developing of moderndigital control systemsare the
software tools usedfor the designand validation.

A. Scilab

We use Scilab/Scicosas main developmentervironment.
Scilab [1] is a scienti ¢ software packagefor numerical
computationsproviding a powerful open computing ervi-
ronmentfor engineeringand scienti ¢ applications.Scilab
hasa completefunctionstoolbox for modeling, simulating
andaiding the designof hybrid control systemsSince1994
it hasbeendistributedfreely alongwith the sourcecodevia
theInternet.lt is currentlyusedin educationabndindustrial
ervironmentsaround the world. Scilab includes hundreds
of mathematicafunctionswith the possibility to add inter-
actively programsfrom various language§FORTRAN, C,
C++, JAVA). It hassophisticateddata structures(including
lists, polynomials, rational functions, linear systems),an
interpreterand a high level programminglanguage(Scilab
Language).

B. Scicos

Writing the simulationof an hybrid dynamicalsystemas
scripts,usingthe powerful functionsof the Scilablanguage
is possible[2], but it is time consumingand it is very
easyto insert bugs during the manualcoding. To simplify
this job, Scilab include Scicos[3] a graphical hybrid dy-
namical systemmodeler and simulator toolbox. Scicosis
used for applicationsin control system, communication,
signal processing,gueuing systems,and to study physical
and biological systemsWithin Scicosgraphicaleditor it is
possibleto place, con gure and connectblocks, in order



to creatediagramsto model hybrid dynamicalsystemsand
simulateit. Most of the Scicosgraphicaluserinterfaceis
written in Scilab language,for completeintegration with
Scilab, easy customizationand maximum e xibility. Each
blocksis rapresentedby two functions:

the interfacing function. Written in Scilab language,
de ne the graphical representationthe input, output
and control ports and signalsandthe usercon gurable
parameters

the computationalfunction, that is the real code used
in the simulations.The computationaffunction can be

written in Scilab Language for easydevelopment,or

in C, for maximumefciency and speed.The C com-

putationalfunction can be pre-compiledor "compiled-

before-simulation”in order to allow the userto ccus-
tomize without leave the Scicoservironment.

Scicos simulations could be usedto interact with real
systemin mary ways:

ScicosHIL (Hardware In the Loop). With somelimi-
tationis possibleusethe Scicossimulationto controla
real plantin real time.

the internal, generalpurpose ,C generatarThe internal
"Code Generator(menu”Object’-¢, "Codegeneration”,
[4] ) translatethe Scicossymbolic diagramrepresenta-
tion in standalone,generalpurposeC code.This code
usesthe standard/O (terminal)asinterface.lt is left to
theuserto customizehe C codein orderto interactwith
other input/outputdevices (e.g. dataacquisitioncards)
andresohestherealtime andsynchronismnissuesThis
basic, but very e xible solution, is designedto work
with hand coding or with external software tools as
Synd«(5]. For the next releaseof Scilab (vers.5) the
internal code generatorwill be fully integrated with
Synde to allow the physicalimplementatiorof Scicos
diagram on multiprocessorsand programmablelogic
architectures.

use a speci ¢ code generatorfor Linux RTAI. This
solution meme the hard real time capability of Linux-
RTAI kernel [6] with the creation of a stand alone
programfrom Scicoscomputationafunctions,ideal for
embeddedsystemswith limited hardware resources.
The stand alone program that implement the Scicos
diagram con exchangedata using the RTAI-Lab user
interfaceor the J-RTAI-Lab userinterfaces.The former
needsRTAI installedin the hostsystem the latter uses
Java appletsthat runson ary Java enabledbrowseron
ary OS.

C. RTAl-Lab userinterface

RTAI-Lab is a graphicservironmentthatallow to display
in real time, the internal variables of a RTAIl running
controller using scopesand other virtual instruments.It
is also possible modify the internal parameterin order
to tune the system.RTAI tasks and RTAI-Lab exchange
data using IP addressand NET-RPC protocol. The NET-
RPC usesEthernet(or other compatible media/interces)
in real time using customUDP data paclet. This protocol
supportan arbitrary numberto tasks/controllerconnected
with a single supervisor This is the ideal environmentfor
distributed control applications.With some limitations on
the network load, the samemediacansupportreal time and
standardT CP/IP connectionsimultaneouslyRTAI-Lab uses
RTAI API to synchronizeéhe communicatiorandupdatethe
display with real time priority. This imply the presenceof
an Linux RTAI also in the supervisorPC that run RTAI-
Lab. It is possibleto avoid this requirement:the RTAI-
XML/J-RTAI-Lab [7] allow to use a generalpurposeJava
enabledweb browser to implement the same featuresof
RTAI-Lab but without any garanteeaboutthe lateng of the
dataexchange.

D. Comedidevice drivers and libreries

Comedi[8] is the standardway to usel/O interfacede-
viceswith Linux. The Comediprojectdevelopsopen-source
drivers,tools, andlibrariesfor dataacquisition.Comediis a
collectionof driversfor avariety of commondataacquisition
plug-in boards(more than 100 devices are supported).The
drivers are implementedas a core Linux kernel module
providing common functionality and individual low-level
driver modules.To usethe driver, the applicationprogram
shoulduse Comedilib functions. Comedilib is a userspace
library thatprovidesa developerfriendly interfaceto Comedi
devices.Includedin the Comedilibdistribution is documen-
tation, con guration and calibration utilities, and demon-
stration programs.Kcomedilib is a Linux kernel module
(distributed with Comedi) that provides the sameinterface
asComedilibin kernelspace suitablefor real-timetasks.It
is effectively a "kernellibrary” for using Comedifrom real-
time tasks.This is a veryimportantfeaturesbecausehe hard
real time RTAI taskscould not issuesdirect systemcall to
uses.

E. Linux and RTAI-Linux kernels

The Linux kernelis thefoundationover all this building is
constructedThe Linux kernelprovidesa level of e xibility
and reliability simply impossibleto achiese with any other
(free or commercial)operatingsystem.For thesereasons,



mary companiesin the eld of real time and embedded
operatingsystemdg9] offer supportfor Linux.

The real time performancesof the latest 2.6.1x Linux
kernelare very closeto real time (for samplingtime in the
millisecondsrange)but the "vanilla” (standard unmodi ed)
Linux is NOT arealtime operatingsystembecausevith the
standardLinux kernelis not possiblegive guaranteeabout
the absolutemaximumlateng of taskactivation. Thereare
mary projectthat modify (patch)the Linux kernelin order
to createa "parallel” hardreal time kernel(and user)space
wherethe taskshave deterministicactivation timing, while
leave the other’normal” tasksrunningin the standard.inux
users space We use RTAIl becauseoffer direct supportfor
Scilab/Scicoshut is also possibleto use Xenomai[10].

I1l. CONSTRUCTION OF THE PLANT

The fastestway to have a plant is to buy such"ready-
made”. Thereare mary companieson the educationaimar
ket that offer such products[11]. We choosethe classical
ball and beamexperiment(Fig. 1 (a)) becauséts intrinsic
instability and non linearity represents recognizedcontrol
systembenchmarkTheconstructioris possibleusingreadily
available cheapparts.For most of the mechanicalpartswe
useLEGO Technique/Mindstornfil1l] componentglessthan
200 eurofor a completekit).

Fig. 1. Complete system.From the bottom: (a) ball and beam; (b)
ampli ers and power supplies;(c) USB-DUX dataacquisitioncard.

The ball is madeof stainlesssteel. The ball rolls on two
brassrails sahagedfrom a train model and glued on the
Lego bricks(Fig. 1(a)).We build, usinga singleexperimental
printed circuit board (Fig. 1(b)), the input ampli er, the
power outputampli er andthe relatives power supplies.As
dataacquisitioncardswe usethe USB-DUX (Fig. 1(c),[13]).

A. Ball positionsensor

The ball positionis measuredising one of the rails asa
variablevoltage source(Fig. 3). A oating 5 Volts voltage
anda seriesresistor supplya constan700mA currentto the
referencerail. This arrangementss simple but inef cient:
almost all the electrical power is dissipatedin the linear
regulatorandin the external6:8 ohm/ 5 Watt power resistor
To avoid this waste of electrical power, we plan to use
a constantvoltage (100mV), low noise, switching power
supply The metallic (stainlesssteel)ball works asa sliding
contact;the secondrail closesthe circuit, sendingthe low
level signal(0 40mV, equivalentto 0  30cm) to theinput
ampli er.
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Fig. 2. Input Ampli er.

The contact resistanceis very noisy (typical moving
contactnoise). The input ampli er (Fig. 3) has high-input
impedanceand usesa low pass Iter (R and C) that cut
out part of the noise from this sensor We provides two
time constants(5ms and 0:5mg compatiblewith expected
closedloop dynamicof the plant. With the high-impedance
of the JFET operationalampli er LF3586, if the ball loose
the electrical contactwith the rail(s), the input Iter works
as "sample-and-hold”the capacitorC "remember”the last
valid voltage/positionvalue. This non linear behaior of a
fully linear Iter and amplier is an "collateral effect” of
the non-linear random proprietiesof the moving contact
resistance,that representthe internal impedanceof our
position sensar To have two moving contact (reference-
rail/ball and ball/sensing-rail)in seriesaggrazate the nal
results.A commoncureto reducethe moving contactnoise
is to use carbonbased(electrical conducting)grease.We
don't useit intentionally becausenve want to evaluatethe
noise-rejectingproprietiesof the controllersin worst cases
situations.

B. Actuator

For actuatoiwe usethe LEGO Mindstormstandardmotor
model”"71427". Thespeci cationsof this motorareavailable



[14] from experimentaltests.The inductanceof the motor's
armature(La = 2:07mH, averagevalue, measuredvith an
impedancebridge) is not includedin the model becausat
introducesa time constant

te= La=Ra = 0:83ms

which canbe neglected.

Thelimited electromechanicalorversionef ciency of the
motors appearsas different Ky (torque constant)and Ky
(speedconstant) Thesetwo constantsare equalsin the case
of "perfect” 100% efcient motor, whereall the electrical
power is corvertedin mechanicalwork. The constantsare
different also becausenside the Lego motor thereis a re-
ductiongearthatlower the ef ciency but increasehetorque
(reducing the maximum speed)and improve the linearity
of the DC motor in the low speedregion. The estimated
internalmotor plusreductiongearequivalentmomentinertia
are nggligible respectthe the momentof inertia of ball and
beam.

In the model,we neglectall the other possiblesourcesof
friction.

The motor has more than sufcient speedand torque
to move the ball and the beamdirectly. We introduce an
external reduction gear to utilize better the motor speed
range.

C. Power Ampli er

The output of an operationalampli er is boostedwith
a complementarypair Darlington transistors.This linear
powerampli er hasmorethansufcient bandwidth(10kH2),
voltage (+= 15V) and current(+= 1:5A) capability to
drive the loaded motor. The output voltage is limited to
+= 9V to avoid motor overload (that will permanently
damagethe motor). We chooseto setAy = 1 for the power
ampli er becauseve foundthatthe+= 4V dynamicrange
of the USB-DUX outputvoltageis enoughto drive the motor
(the output ampli er works only as current boosterwith
voltagegain setto one).

D. Encoderinput

Using the bidirectional counterinput of the data acqui-
sition card (USB-DUX) is possibleto connectan encoder
measuringhe real angleof the beam.We have not usedthis
inputin theexperimentbecauseve chooseo useanobsener
to recreatethe full stateof the system.With an obsenrer, it
is possibleto avoid the necessityof an expensve sensorto
measurehe position of the beam.

E. Data AcquisitionCard

We use the USB-DUX [13] interface. We choosethis
device becauseit has sufcient resourcesto monitor and
drive the plant. USB-DUX usesa Universal Serial Bus
connection:his allow to use ary recentlaptop. USB-DUX
uses Comedi [8] device driver suite that allows to use
different hardware without a coherentAPI. In the spirit of
free and open-sourcedevelopment,the USB-DUX is fully
documentedhardware and software), including schematics
andsourcecodeof the rmw are of the micro-controllerthat
runsthe board.The only real limit of this boardis the USB
bus: unfortunatelyit is not yet possibleto run it in true
hard-real-timedashionUSB interfacesbecauseto do so, it is
necessaryo rewrite the full USB Linux stack[15]. Usually,
with recent2.6.1x kernel this is not a seriouslimitations
for applicationswith samplingtime of 10msor higher At
presenttime, the only way that allow a full hardreal time
guaranteebehavior, is the use of ISA/PCI/PC-CARD I/O
board[7].

IV. MODELLING AND SIMULATING THE SYSTEM

A very useful way to evaluate all system constantsis
to write all the equationsinside a single Scilab script (
bb_10.sce ; seeappendixA).

In the rst part of the script all the system constants
are de ned; then theseconstantsare usedto calculatethe
coefcients of the linearizedmodel of the system.

A. Modelling the plant

Supposinghatthelinear modelof the plantis represented
by thetime continuousstatematrix A, B, C et D; the discrete
(sampledime) modelis obtainedusingthe Scilabinstruction

sys_d = dscr(sys,Ts);

where sys is the Scilab object that representthe linear
system:

sys = syslin('c',A,B,C,D);

The A matrix hasdimension4 4 (the model has four
stateseethe annee), the matrix Bis 4 1 (thereis only an
input: the motor voltage),Cis 1 4 (the positionof the ball
is the only output)and D is null.

The eigervalue of the the A matrix shov that the lin-
earizedmodelis unstablein the equilibrium point (thereis
an eigervalue with positive real part). A full statefeedback
approachs usedto stabilizethe system Thefeedbackmatrix
F is calculatedusing LQR method,using Q and R values
tunedexperimentally
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Fig. 3. Scicosdiagrambb_a.cos with complete,continuousnon linear
model of the plant andthe linear discretecontroller

Adjusting the R and Q parametersof the controller is

possibleto changethe dynamicsof the transientresponse.

Fig. 3 shav the results of the simulation using R and Q
valuesfound experimentallyto stabilizethe controllet

B. Theregulator

The regulatorimplementednsidea PCis a sampleddata
system, but the real plant is a continuoustime system.
Various approachare possible:we chooseto transformthe
continuousnodelof the planta a discreteoneanddesignthe
controllerin the sampleddomain.The rst thingsto do is
choosea samplingtime. Usuallythe samplingtime is chosen
looking at the closedloop expectedperformanceslf Tr is
the desired10-90 responsdime to a step of the reference
Ts= Tr=10 or less.In other words: at last ten samplein
the rise time. The samplingtime shouldbe high enoughto
cover, within the Fs/2 Nyquist limit, all the "fast” poles of
the plantin orderto avoid intersamplingoscillation.

It is importantto checkalsothe "authority” (capabilityto
actwith ef cacy) of the actuatorpresentin the real system.
In our plant, the Lego motor hasa intrinsic bandwidthin
the range10-40Hz, function of the load inertia. We choose
Ts = 10 ms becauses a good compromisebetweenthis
requirementand is realizablewith the available hardware
and software componentsn soft and hard real time modes.

Input ampli er, dataacquisitionand outputampli er can
be consideredully "transparent”.

With the full, linearized,modelof the plant
sys = syslin('c',A,B,C,D);

and the samplingtime Ts, the equivalent discretetime
plantis computedwith

sys_d = dscr(sys,Ts);

andsplittedin the four elementswith
[Ad,Bd,Cd,Dd] = abcd(sys_d);

The classicapproachat the designof the state variable
regulatoris to compute,using the expectedcontrolled sys-
tem, the positionof the closedloop poles,thenandcompute
afeedbackmatrix F to do that. Scilabhasa functionthatdo
all thework (F = ppol(A;B; poleg). This kind of approach
hasseveral dravbacks.A bettersolutionis to usean LQR
designedieedbackmatrix thatis morerobustto parameters
variationsand allow to nd a good compromisebetween
the time reponseand the effort on the actuator In orderto
improve the steadystateaccurayg of the system,an external
discreteintegratoris addedin the loop. The matrix of our
new "augmentedfeedbacksystemare:

_ o A4_ A O _ _ Bd
F1 - F KI !Ad - Cd I 1Bd| - 0

With this arrangemenis possibleto computethe gain of
theintegratorKi andthe stabilizingfeedbackmatrix F atthe
sametime. The value of R and Q are found experimentally
usingR=1andQ =[ 1111 1] asstartingpoint.

F = -FIqri(1:4) :
Ki = -F_lgr_i(5) ;

Flgri = bb_digr(Adi,Bdi,Qi,R)

C. Theobserver

Insteadthat Il the plantwith sensorsusinga Luenbeg
obsener. The addedintegrator doesnot changethe design
of the obsenrer becauset is external at the real plant, then
we usethe non augmentednatrix. We designthe obsener
using manualplacementof real polesin orderto obtainan
obsener fasterthanthe plant.

V. TESTING THE CONTROLLER WITH THE REAL PLANT:
Scicos HARDWARE IN THE Loopr

With some limitations, it is possibleto use Scicosto
control a real plant. The rst stepis to createinput blocks
to acquirethe feedbacksignal and output blocks to drive



the system.Using the examplesfound in the Scicos[17]
and Comedi [18] documentationwe have developed the
interfacing and computational functions that realize the
I/O using Scicos blocks. Within Scicosit is possibleto
run the simulation in "real-time” using the menu option
[Simulate]->[Setup] and setting "Realtime scaling”
equal "1". With this parameterset Scicos "wait” for the
right time to read the inputs, make the calculationsand
update the outputs. It is clear that the time required to
completeall the actionsshould be less than the sampling
time. Normally this is not a problemswith the modern
PC. Unfortunately Linux is not an hard real time OS:
also with free CPU time there is no guaranteethat the
samplingtime will be respected.The latest 2.6.1x Linux
kernel, with the low lateny featuresactive and with the
internaltimer setto the maximumresolution(1ms 100(H2)
could be consideredeal-timeat 99% for a samplingtime of
10ms This performancas morethanenoughfor laboratory
applicationswith electromechanicalystemsvheresampling
time in the rangeof 4-20 milliseconds.

Therespecbf the samplingtime is a very critical issuefor
a digital controller becausehe position of polesand zeros
arefunction of samplingtime Ts. If Ts changethe position
of pole-zerochange with potentialdangerousonsequence
in the transient,steadystateand stability proprietiesof the
closedloop hybrid system.

It is alsoimportantto limit the numberof Scicosscopes
andtraces:they usesCPU resourceslncreasingthe scopes
internalbuffersreduceghe CPU loads,at the expenseof the
real time updateof the display

A. Compensatiorof the medanical non linearity

The very cheaplego parts createa non linear "sticky
friction” (sticktion)thatblock the movementof the beamfor
very low valuesof the motorvoltage.As resultof this "dead
zone” effect, the motor is totally incapableof making the
small movementto placethe ball in the perfectequilibrium
positionwith zeroball speedWe usea customScicosblock
to createan arti cial non linearity that try to compensate
the "dead-zone”effect, usinga x ed voltage "step” to the
motor in the correctdirection. The "dead-zone"canceling
non-lineartyis realizedinside the block Mathematical
Expression  that usesthe equation:

sign(ul)*a+ul

Theparameter, de nedin thescriptor in theContext ,
representhe equivalentmotor voltageof the the deadzone
(the minimum voltagerequiredto move the beam).The full
regulator is shav in Fig. 4. We useda non linear block
Saturation  to limit the motor voltageduring the starting
phase;during the normal working operation, the voltage
computedform the controller is ever below the saturation

level (+/- 2V).

-
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Fig. 4. ScicosHardware In the Loop .

B. Theobserver

The sts attemptto manually place the poles of the
obsener was unsuccessful.The position signal is noisy
becausehe rail-ball-rail contactis not perfect. This noise,
only partially attenuatedy the single pole low passlter of
theinput ampli er, createstability problemsin the obsenrer.
After severaltrial anderroriterationswith differentstratejies
to place the poles of the obserer (real poles, comple
conjugatepoles,deadbeat)ye found that the LQR method
was effective alsoto designthe obsenrer.

C. Kalmanobserver

At not satis ed with the performanceof the LQR ob-
sener, we had tried to use a steadystate optimal Kalman
obsener. The computationof the feedbackmatrix L is
moreinvolved becausehe Scilab”lge” functionrequirethe
preparatiorof anequivalentsystenthatincludeinput (state),
output and cross (input-output) correlation noise sources.
The performance®f the Kalman obsener is equivalentto
the LQR obsenrer.

VI. Scicos RTA|l CobE GENERATOR

There are mary situation where the performanceof the
Scicos-HIL solution are not sufcient: if the plant is un-
stablewith catastrophiconsequencdor fast/highaccurag
systemsthat require sampling time lower than 4 ms, for
embeddedsystem where is not possible install the full



Scilab/Scicogpackagebut a small, standaloneprogramthat
implementthe controller is the only option. The previous
diagramcanreused but but all the I/O block mustbe from
the speci ¢ RTAI Scicospalette.

-0.054

Fig. 5. Ball position (m), time (s).

-1.25-

Fig. 6. Motor voltage(Volt), time (s).

VIlI. CONCLUSION

In this paperwe have presentea full working systemthat
will be usedfor the teachingof the industrial control.
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ANNEXE
MATHEMATICAL MODEL OF THE PLANT

The mathematicalmodel of the mechanicalsystemhas
three”internal state”: the ball posizionx, the ball's rotation
anglef , andthe beamangle,q. The equationrelative to the
ball dynamicsis

mgsin(q) = mx+ Jf =r

wherer is the ball radius(meter), m the ball mass(Kg) et
Js = 2mr?=5, the rotationalmomentof inertia.

Usingtherelationx= fr whit the hypothesighatthe ball
roll without slide, the dynamicsof the ball is simpli ed to

X = 5gsin(q)=7:
A secondequationmodelthe dynamicsof the beam:
T=mgcoga)x+ Jpoq+ mx¥Xq

whereT representhe torqueon the beams axis.

Using the simplied model of the motor (that don't
considerthe inductance):

Tw = Kria

whereTy is the motortorque(Nm), Kt the torqueconstant
(Nm/A), andia the motor current(A).

Introducingthe cinematicratio of the gearshatcouplethe
motor to the axis of the beanKc = 40=8 = wy=w= T=Ty



wherewy is the rotational speedof the motor axis w = q,
andthe motor equationis

Um = Raia+ KyWy;
we obtain
KcKria=  mgeoga)x+ Jpq+ mxq
where - Un Ky
A—- —— —————.

Ra
Substitutingx par v, we obtainthe completemodel:

_ mgx Kv K&Kt KcKrUm
VR e me Y R e R md
= w
vV = ;gsin(q);
X = W

The state of this systemare: (wp; go; Vo; X0) = (0;0;0; )
where

is an arbitrary value. It is possibleto stabilizethe ball in
a genericposition. We examinein detail the casexy = 0.

Linearizing the modelaroundthe equilibrium state0, we
obtain an approximatdinear model:

= AXx+ Bu
= Cx
where 0 1
0 W1 Ky K2Ke o o0 m 0 ok, 1
RaJy Jp RaJy
ngqﬁ;/x:% 1 00 o§;8=%o§
v 0 5 0 0 0
X 0 0O 1 O 0

andu= Uy. ThematrixCis 0 0 0 1.

This linear modelis usedfor the designof the regulator
andthe obsenrer.



